To reveal the mechanism of control of the Woolly Apple Aphid (Eriosoma lanigerum Hausm, WAA) by increase of biodiversity in the apple orchard, a consecutive two-year field trials were conducted in Yunnan province, China. The results showed that the peak of natural enemy density curve in the cover cropping orchard was well temporally synchronized with that of the WAA density on trees, but did not synchronize with that of WAA density on trees in clean orchard. In addition, the frequency of natural enemies and WAA within a same sample in cover cropping orchard was obviously higher than that in clean cultivated orchard during the peak of population curves, indicating that natural enemies spatially synchronized with aphids. The density of WAA for the whole growing season in cover cropping orchard was much less than that in clean orchard. Therefore, the temporal-spatial synchrony of natural enemy and aphid populations was proposed as one of the mechanisms for aphid control in cover cropped orchards.
Introduction


Ecosystems with higher diversity are more stable with higher resistance to pest invasion, or an ability to avoid or withstand disturbance, and recover following disturbance [1] [2] [3] . Many studies indicated that the weeds and covering crops present in agroecosystems not only increase plant biodiversity, but also offer many important requisites for natural enemies, such as alternative prey/hosts, pollen or nectar as well as microhabitats [4] [5] [6] [7] [8] [9] .
Several hypothesis have been proposed to explain insect pests controlled by the increase of biodiversity [3] . However, few hypotheses are from population dynamics view but from nutrition or behaviour aspects. Some mentioned on the effects of temporal synchrony of natural enemies [10] [11] [12] [13] . But those were not particularly detailed experimental studies.
Here the paper reports on a consecutive two-year study on the effects of cover crops on relationships between natural enemy and woolly apple aphid populations in apple orchards. The results indicated that temporal-special synchronization of natural enemies and pest insects is a mechanism for pests control in cover cropped orchards.
Material and Methods
Studied Site
The study was conducted in the apple orchards at Zhaotong city of Yunnnan province, China (27°14′40″ N, 103°38′19″ E). The orchards consisted of Red Fuji apples, planted in 1995, 3 m apart within rows and 5 m between rows. The orchards were divided into two separate blocks by a road, one treated with cover crop, about 4 ha, and the other remained clean cultivated, about 1.3 ha.
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In the cover cropped apple orchard, ryegrass (Lolium perenne), clover (Trifolium repens) and alfalfa (Medicago sativa) were planted in July, 2002 as cover crops at a ratio of 50%, 33% and 17% respectively. The cover crops were mowed four or six times per year keeping their height at about 10-35 cm.
No insecticide was sprayed on the crops. On 14th of June (year), in the clean cultivated apple orchard, groundcover was mown between rows.
Sampling Methods
Twenty-five apple trees in the center of each orchard block were investigated on each time. The branches were marked with red color, at four directions (east, south, west and north) of each sampled tree. Sampling was conducted weekly from March to October of 2004 and 2005. All active arboreal colonies of WAA and individuals of natural enemies on the marked branches in both blocks were counted. On the ground, between the trees sampled row, sweep net was used to collect the insects in the cover crops. Swept with 20 sweeps at each sampling site. The collected insects were identified in the laboratory.
Analysis Methods
Data were grouped in two groups of arthropods for analysis: woolly apple aphid and natural enemies, and analyzed by t-test. Linear correlations between the densities of woolly apple aphid and natural enemies in tree, densities of natural enemies in tree and in crop were calculated by regression analysis with the SPSS12.0 software (SPSS INC. Chicago, USA).
Results
Control of WAA by Cover Cropping in Apple Orchard
In 2004, the WAA population density after the first peak on the 3rd of June, at 0.75 colonies/shoot, reached another peak on 18th of August, at 0.48 colonies/shoot, then remained at a lower level in the clean cultivated orchard (Fig. 1a) . The outbreak period of WAA lasted about 6 months. In contrast, in the cover cropped orchard, the WAA population density peaked on 3 June, at 0.62 colonies/shoot, and remained at a very low level lasting for 3 months, without the need for any control action (Fig. 1b) ,.
In 2005, the WAA population densities were much higher in the clean cultivated apple orchard than in the cover cropped orchard. The density of the first peak of WAA in the clean cultivated orchard was 10 colonies/shoot, and the second one was about 14.9 colonies/shoot. In contrast, the first peak of WAA in the cover cropped orchard was 0.75 colonies/shoot, and the second about 1.76 colonies/shoot (Figs. 2a and 2b). Therefore, WAA populations in the cover cropped apple orchard were effectively suppressed.
Synchrony of Natural Enemy and Woolly Apple Aphid Occurrence in the Cover Crop Orchard
In 2004 (Table 1) . During these peaks, the first peak in the early of the season was resulted from the migration of natural enemies from outside of the orchard, while the other two peaks of natural enemies followed the WAA population peaks with a delay of about 20 days. The natural enemy occurrences were not in synchrony with the WAA (Fig. 1a) . In contrast, there was only one peak of WAA, and following this peak, the population density was maintained at low levels for 3 months in the cover cropped orchard. It is worth to note that the natural enemy population was very well synchronized with the WAA population, and the natural enemy populations were quite stable following the peak (Fig. 1b) . The regression analysis of the density of WAA to that of natural enemies in the trees showed that in the clean cultivated orchard, there was hardly any relation between densities of WAA and that of natural enemies (Fig. 1c , R 2 = 0.0099, P > 0.05). In contrast, there was a positive relation in the cover crops orchard (Fig. 1d , R 2 = 0.6649, P < 0.01).
The peaks of natural enemy and woolly apple aphid populations in the clean cultivated orchard were not synchronous (Fig. 2a) . In contrast, in the cover cropped orchards, the peaks of these two insect populations were highly synchronous in 2005 (Fig.   2b ). The regression analysis of the WAA density to that of the natural enemies in the trees showed that in the clean cultivated orchard, there was a lesser relationship between densities of WAA and that of natural enemies (Fig. 2c, R 2 = 0.1815, P > 0.05).
However, there was a higher positive relation in cover cropped orchard (Fig. 2d , R 2 = 0.2315, P < 0.01).
Besides, when the spatial relationships between natural enemies and insect pests in cover cropped orchards, represented by the frequency of natural enemies and insect pests in same sample were examined. The results showed that during the peak period of population curve, mid of June, 2004, the frequency of natural enemies and insect pests within the same sample formed an obvious peak and was much higher in cover cropped orchard, but no obvious peak and lower frequency in clean cultivated orchard (Fig. 3) . Besides, during early of season March to May of 2004, the frequency of natural enemies and pests in same sample were higher in cover cropped orchard, by contrast with clean cultivated orchard which is nearly zero (Fig. 3) .
Relationship between Natural Enemies in Tree and Cover Crops
In order to find the relationship of natural enemies on cover crops and trees, the analysis of the data which represented by density of natural enemies on tree and ground (or cover crops) in the two consecutive years was conducted. In 2004, in the clean cultivated orchard, the first peak of natural enemies on trees was synchronous with the first peak of that on ground, but the following peaks of both were never synchronous (Fig. 4a) . The density of natural enemies on trees had three smaller peaks, however, these were synchronized with that on crops in the cover cropped orchard (Fig. 4b) . In the clean cultivated orchard, the natural enemy density on trees had no clear relationship Table 1 The species of natural enemies in cover cropped or cleaned orchard. with those on the ground (Fig. 4c , R 2 = 0.0719, P > 0.05). However, in the cover cropped orchard, natural enemy density on trees depended on the natural enemies on the crops (Fig. 4d , R 2 = 0.5985，P < 0.01).
Natrual enemies Cover cropped Cleaned
In 2005, there was no positive relationship of natural enemy on trees and on the ground in the clean cultivated orchard (R 2 = 0.0017, P > 0.05) (Figs. 5a and 5c). In contrast, in the cover cropped orchard, there was a greater positive relationship between the natural enemy on trees and on cover crops (R 2 = 0.2166, P < 0.01) (Figs. 5b and 5d ).
Discussion
Control of the WAA in the clean cultivated orchard required multiple applications of chemical pesticides and the pest still lasted until the end of the season in China. This paper's experiments showed that planting cover crops could effectively reduce the density of WAA. This result agrees with some reports on use of cover crops to control spider mites in orchards, leafhoppers in vineyards, leafhoppers and rosy apple aphids in apple orchards, caterpillars and codling moth in apple orchards, aphids in apple orchards and citrus red mite in citrus orchards [9, [14] [15] [16] [17] [18] [19] [20] [21] . Apparently, the cover cropping plays an important role in augmentation and conservation of natural enemies.
The first peaks of natural enemy populations both in cover cropped and clean cultivated orchards might be the result of natural enemy migration from outside of the orchard. The peaks of natural enemy populations in the cover cropped orchard were greater, and occurred sooner and were well synchronized with the peaks of WAA. In contrast, peaks of natural enemies occurred at smaller levels and were delayed by two weeks after the peak WAA in the clean cultivated orchard. The data suggests that the natural enemies on the trees originated partially from the cover crops, since the density of natural enemies in the trees occurred coincidently with that on the crops. Furthermore, the densities of natural enemies on the trees and cover vegetation in the cover crops orchard were higher than those in the clean cultivated orchard. The previous results showed that the numbers of generalized predators increased significantly during 2004-2005 growing seasons [22] . It was speculated that the diverse habitats offered many important requisites for adult predators and parasitoids, such as alternative prey and hosts in the cover crops orchard, which were not available in the clean cultivated orchard. Because early in the season, there were no blooms in the cover crops therefore, not providing nectar and pollen for the natural enemies, as mentioned by Risch, S. J. [2] .
Several hypotheses have been developed to explain the control of insect pests in agroecosystems with increased plant diversity [3, 11, 23] . These hypotheses suggest that the numbers of natural enemies increase because the diverse plants provide predator and parasitoids food or habitats but, few considered the importance of the synchronization of natural enemies in time and space with insect pests. The results demonstrated that increased canopy structure of plant and composition of plant species resulted in the synchrony of pests and natural enemies. Therefore, the tempo-spatial synchrony of natural enemies and insect pests should be treated as a new rule for biological control of insect pests by increase of plant diversity in agroecosystems.
In fact, synchronization is a general phenomenon and is considered important in nature because it explains interactions between population dynamics and extrinsic environmental variation, or predation [24] . Even though the mechanisms of spatio-temporal synchrony between populations are not very clear, it has been suggested that the synchrony may be caused by weather and dispersal, or predation, or both [25] [26] [27] [28] [29] , which should be further studied.
